. More recently, flow sorting and comparative painting were applied to nonavian reptiles. Chromosome isolation by flow sorting was performed in 1 skink species ( Scincus scincus ) [Giovannotti et al., 2009] , 3 geckos ( Gekko japonicus , Hemidactylus turcicus , Hemidactylus platyurus ) , 3 anoles ( Anolis carolinensis , A.
[ Ctenonotus ] pogus , and A.
[ Norops ] sagrei ) [Giovannotti et al., 2017] , 1 turtle, and 1 crocodile ( Trachemys scripta elegans , Crocodylus niloticus ) [Kasai et al., 2012a] . Similarly, chromosome-specific DNA was used to produce paints which were employed for cross-species chromosome painting experiments in several species of reptiles [Kasai et al., 2012b; Johnson Pokorná et al., 2015; Trifonov et al., 2015] . Additionally, chicken painting probes hybridized to reptile chromosomes revealed a strong conservation of avian sex chromosomes and autosomes in a number of squamates [Pokorná et al., 2011 [Pokorná et al., , 2012 .
Parallel sequencing of flow-sorted chromosomes is an elegant approach to determine the chromosome content and anchor genomes to chromosomes [Chen et al., 2008 [Chen et al., , 2010 . The resulting high-resolution chromosomal maps are powerful tools to address questions about genome evolution [Lewin et al., 2009] . Nonetheless, the production of valid chromosome-specific assemblies remains a significant challenge, even in the age of next-generation sequencing (NGS) [Imelfort and Edwards, 2009] . It can be argued that lack of chromosome-specific assemblies and the construction of chromosome maps is a weakness of many genome-sequencing efforts. However, a combination of NGS and flow sorting was used successfully for chromosomal genomics studies in wheat and barley [e.g., Šimková et al., 2008; Mayer et al., 2011; Hernandez et al., 2012; Martis et al., 2012; Cápal et al., 2015; Sánchez-Martín et al., 2016 ] and a few mammalian species, including the Tasmanian devil [Murchison et al., 2012] , Chinese hamster [Brinkrolf et al., 2013] , gorilla [Tomaszkiewicz et al., 2016] , cervids , and mouse [Sudbery et al., 2009] . In reptiles, shotgun sequencing of isolated chromosomes was performed only recently by Kichigin et al. [2016] to determine the sequence of A. sagrei and A. carolinensis microchromosomes and extend the work done on macrochromosomes by Alföldi et al. [2011] . However, a comprehensive high-resolution chromosomal map built using an NGS/flow sorting approach has yet to be developed for nonavian reptiles.
The Komodo dragon ( Varanus komodoensis ), the World's largest lizard, is an apex predator endemic to 5 islands in eastern Indonesia. Considered "vulnerable" by the International Union for Conservation of Nature [IUCN, 2012] , V. komodoensis is a keystone and umbrella species for the Monsoon forest ecosystem [Mills et al., 1993; Roberge and Angelstam, 2004] and plays an important role in the Lesser Sunda ecotourism development. A number of studies have been conducted on the population ecology, genetics, physiology, microbiology, management, and conservation of both captive and wild populations [e.g., Auffenberg, 1981; Ciofi et al., 1999; Montgomery et al., 2002; Murphy et al., 2002; Ciofi and de Boer, 2004; Watts et al., 2006; Ciofi et al., 2007; Jessop et al., 2007; Fry et al., 2009; Laver et al., 2012; Purwandana et al., 2014 Purwandana et al., , 2015 Ariefiandy et al., 2015; Bishop et al., 2017] . However, information on cytogenetics and genomics of this species is limited. The karyotype of the Komodo dragon has been described only recently by ( Fig. 1 a) . It consists of 2n = 40 chromosomes (16 macrochromosomes and 24 microchromosomes) and has female heterogamety with a highly heterochromatic W chromosome.
In this study, we isolated and further characterized the chromosomes of V. komodoensis by flow sorting and generated chromosome-specific probes for intraspecific chromosome painting. We nevertheless experienced some problems during microchromosome isolation. When the identification of a specific flow karyotype peak and isolation of a particular chromosome prove difficult by flow sorting, additional methods can be used such as single chromosome sorting or microdissection of single chromosomes from metaphase preparations [Matsunaga et al., 1999; Vitharana and Wilson, 2006] . We therefore performed laser capture microdissection to isolate the W chromosome and produce W-specific painting probes. This is preliminary work for the construction of a highresolution chromosomal map of V. komodoensis and comparative genomic studies among squamates and reptiles in general. Moreover, chromosome-specific DNA obtained using whole-genome amplification techniques will be sequenced and anchored to a high-quality genome assembly (unpublished results) in order to provide accurate information on the genomic organization of Komodo dragons.
Materials and Methods

Tissue Collection, Cell Cultures, and Metaphase Preparation
Tissue samples of a female V. komodoensis were obtained from an early embryo of a captive individual. The sex of the embryo was determined by observation of reproductive organs and C-banding, which revealed the W chromosome (see below for technical details). Cells were cultured in RPMI 1640 (Gibco) supplemented with 20% fetal bovine serum (Gibco), 1% penicillin (10,000 units/ mL)/streptomycin (10,000 μg/mL) (Gibco), and 2% L-glutamine (200 m M ) (Gibco) and incubated in a CO 2 incubator at 34 ° C. Chromosome preparations were made following standard procedures, which included 30 min of colcemid treatment (0.05 mg/ mL), 25 min hypotonic treatment in 0.56% KCl, and fixation in 3: 1 methanol:acetic acid [Graphodatsky et al., 2000] .
Flow Sorting and Generation of Chromosome-Specific Probes
Komodo dragon chromosomes were sorted for the production of chromosome-specific painting probes and chromosome-specific DNA for future sequencing. Chromosome suspensions for sorting were based on a standard protocol [Yang et al., 1995] . Chromosomes of V. komodoensis were sorted using a Mo-Flo ® (Beckman Coulter) cell sorter as described in Yang et al. [1999] . Approximately 500 chromosomes from each peak were sorted for paint production (each pool in 20 μL of distilled water), and 1,000 were sorted for amplification and future sequencing (each pool in 5 μL of distilled water).
The V. komodoensis (VKO) painting probes were prepared as described in Yang et al. [1995] . Briefly, chromosome-specific painting probes were made by DOP-PCR amplification of flowsorted chromosomes [Telenius et al., 1992; Yang et al., 1995] . DOP-PCR amplified chromosome-specific DNA was labeled during the secondary PCR by incorporating digoxigenin-11-dUTP or biotin-16-dUTP (Roche). Initially, probes were assigned from A to O. After chromosome painting results, probes were assigned following the numbers of chromosomal pairs in the karyotype.
Microdissection and Generation of W Chromosome-Specific Probes
Laser microdissection was conducted on the W chromosome, as it could not be isolated from other chromosomes by flow sorting. A few drops of metaphase suspension were placed on a PENmembraned slide and aged at 37 ° C overnight. Considering that the W chromosome is distinguishable only when its heterochromatic regions are visible, C-banding was performed on the slide using a protocol modified from Sumner [1972] . The slide was incubated in 0.2 N HCl for 20 min, then in 5% Ba(OH) 2 solution for 4.5 min at 45 ° C and rinsed in 0.2 N HCl. The slide was further incubated in 2× SSC for 1 h at 60 ° C, rinsed in distilled water, and stained with Giemsa.
After C-banding, 20 W chromosomes were laser-microdissected using an Olympus MMI microdissection system and collected in the cap of a 0.5-mL tube filled with mineral oil, according to the manufacturer's protocol. W-specific painting probes were obtained by amplifying the microdissected chromosomes using a GenomePlex ® Whole Genome Amplification (WGA) Kit (Sigma). The amplified products were then used as templates to incorporate biotin-16-dUTP or digoxigenin-11-dUTP (Roche) by amplification with GenomePlex WGA Reamplification Kit (Sigma).
Chromosome Painting
Same-species chromosome painting was conducted in order to assign sorted peaks to specific chromosomes and to confirm that microdissection was carried out correctly. After metaphases were dropped onto slides and air dried, they were dehydrated through a fresh ethanol series (2 × 2 min in 70%, 90%, 100%) and air dried at room temperature. Slides were aged for 1 h at 65 ° C. Probes were prepared by adding 1 μL labeled DNA for each probe to 11 μL hybridization buffer (50% deionized formamide, 10% dextran sulfate, 2× SSC, 0.5 M phosphate buffer pH 7.3, and 1× Denhardt's solution). The probes were denatured at 65 ° C for 10 min and then pre-annealed by incubation at 37 ° C for 15-60 min. Slides were denatured in 70% formamide/30% 2× SSC (v/v) solution at 65 ° C for 1.5 min, quenched in ice-cold ethanol, dehydrated through an ethanol series, and air dried. The probe mix was applied onto the slides and covered with 22 × 22-mm coverslips, sealed with fixogum, and incubated overnight in a humid chamber at 37 ° C.
For detection, the dried fixogum was removed, and the coverslip was rinsed off in a coplin jar with 2× SSC. Slides were then washed for 2 × 5 min in 50% formamide/2× SSC followed by a second wash for 2 × 5 min in 2× SSC at 45 ° C, and incubated in 4× T (4× SSC, 0.05% Tween 20) for 10 min at room temperature [Ferguson-Smith et al., 1998 ]. Antibodies were prepared using 1: 200 dilution of avidin-Cy3 and anti-dig FITC diluted in 4× T (200 μL per slide). The slides were incubated with the antibodies under a nescofilm coverslip in a humid chamber for 30 min. After washing for 3 × 5 min in 4× T at room temperature, the slides were mounted in Vectashield mounting medium with DAPI (Vector Laboratories).
Image Capture and Processing
Images were captured using the Isis Fluorescence Imaging System (MetaSystems) and a ProgRes ® MF camera mounted on a Zeiss Axioplan 2 microscope, as described in Yang et al. [1999] . We used the Isis software for image processing.
Amplification of Chromosome-Specific DNA Amplification with the GenomePlex WGA Kit (Sigma) was also performed on chromosome-specific DNA pools in order to obtain enough genetic material for future sequencing. Amplification products were run on a 1.5% agarose gel and measured with a Qubit fluorometer (Invitrogen). Correct assignment of each chromosome-specific DNA pool by hybridization of labeled DOP-PCR-amplified paints was confirmed by re-amplification, labeling, and subsequent use of WGA products as paints for an additional set of FISH experiments as described above. GenomePlex WGA Reamplification Kit (Sigma) was used to re-amplify the WGA products and incorporate biotin-16-dUTP or digoxigenin-11-dUTP (Roche).
Results
Isolation of V. komodoensis Chromosomes and Chromosome Painting
Fifteen pools of chromosomes were separated as single paints in the flow karyotype of a cell line of a female V. komodoensis . Each pool was assigned by FISH to the corresponding chromosome or chromosomes ( Fig. 1 b) . Peaks A to I were assigned to specific macrochromosomes. They all contained 1 pair of chromosomes except for peaks H and I, which had 1 specific chromosome pair each plus a second pair occurring in both peaks ( Fig. 2 ad) . Peaks K to O comprised microchromosomes, however, they could not be directly linked to specific pairs, as microchromosomes in this species are not distinguishable by morphology. Peaks J, M1, M2, and N1 contained only 1 pair of chromosomes each ( Fig. 2 e, h, i, j) . Paints from peak L labeled 2 pairs plus the W chromosome, which was the only microchromosome distinguishable by DAPI as it contained heterochromatic blocks ( Fig. 2 e, f) . The same probe painted only 2 pairs of chromosomes in metaphase preparations from a male individual, confirming that the W chromosome was included in this peak ( Fig. 2 g ). Peak K probe contained 2 microchromosome pairs and also strongly painted the repetitive sequence of the W chromosome ( Fig. 2 h) . Peak N2 probe hybridized to 5 chromosomes of the fe- male dragon and to 6 chromosomes in metaphase preparations from the male, indicating that this peak contained the Z chromosome ( Fig. 2 j, k) . Peak O contained 1 microchromosome pair plus 2 pairs that gave a very light hybridization signal ( Fig. 2 b) and partially overlapped with peak N2 (not shown). Microchromosomes were given sequential numbers according to their size, and will be identified based on chromosome-specific DNA after sequencing.
Probes derived from the microdissected chromosomes hybridized to the W chromosome ( Fig. 2 l) . A schematic representation of peak contents is shown in Figure 3 . FISH experiments were performed using probes made through DOP-PCR and WGA. Chromosome assignment was identical for the 2 sets of experiments, and WGA probes gave much brighter signals.
Amplification of Chromosome-Specific DNA DNA of sorted chromosomes was amplified in order to obtain enough genetic material for sequencing. WGA products ranged from 200 to 1,000 bp and had an average concentration of 60.2 ng/μL. 
Discussion
The main aim of our work was to further define the karyotype of the Komodo dragon, to isolate chromosomes, and amplify chromosomal DNA which can be used for genome anchoring, chromosomal mapping, and future population genomic and phylogenomic investigations. We established a set of chromosome paints for V. komodoensis through flow sorting and microdissection. Painting probes and single-chromosome DNA pools will be used for the construction of a high-resolution cytomolecular map of the species and cross-species chromosome painting.
Out of 20 chromosome pairs, flow sorting was effective in isolating 9 pairs each in a separate peak (VKO1, 2, 3, 4, 5, 13, 14, 15, and 16). One peak contained 2 chromosome pairs (VKO9, 10), while 2 peaks contained 2 pairs each plus 1 of the 2 sex chromosomes (VKO11, 12, W and VKO17, 18, Z). Chromosome pair VKO7 was present in 2 different peaks (in peak I with VKO6 and in peak H with VKO8), as well as chromosome pairs VKO17, 18 (in peak N2 with VKOZ and in peak O with VKO19). The W chromosome, which was the only microchromosome distinguishable by DAPI as it contains heterochromatic blocks, was sorted into a peak with 2 autosomes but was later isolated using laser microdissection. W chromosome-specific genetic material is of particular interest for the study of sex chromosomes and sex-determining mechanisms in nonavian reptiles, a paraphyletic group with both environmental and genotypic sex determination [Pokorná and Kratochvíl, 2009; Gamble et al., 2015; Johnson Pokorná and Kratochvíl, 2016] . The isolated chromosomes were also amplified using a WGA kit for future sequencing as well as for paint production and FISH to confirm DOP-labeled probes by FISH assignment. As reported in Giovannotti et al. [2009] , WGA paints produced higher contrast fluorescent images. The high performance of the WGA paints in our same-species FISH experiments suggests that these paints may provide reliable results even in cross-species experiments. King and King [1975] showed a conserved chromosome number of 2n = 40 among varanids. The only notable difference among species was the acrocentric/submetacentric variability in morphology of chromosomes 6, 7, and 8. Hybridization of our V. komodoensis paints onto metaphase chromosomes of other varanids may reveal the conservation of homologous syntenic blocks and the presence of intra-or interchromosomal rearrangements. It may also be interesting to hybridize V. komodoensis paints to metaphases of varanid outgroups such as the Gila monster ( Heloderma suspectum ), whose karyo- Pokorná et al. [2014] . Interestingly, the diploid number (2n = 36) and chromosome morphology in H. suspectum resembles the putative ancestral karyotype of Toxicofera, the squamate clade that includes the clades Serpentes (snakes), Anguimorpha, and Iguania. Cross-species FISH with V. komodoensis probes may reveal rearrangements which have occurred during the evolution of the Anguimorpha group, which includes among others the families Varanidae and Helodermatidae. Moreover, the availability of chromosome-specific paints for varanids, that have rather high chromosome numbers among squamates, provides a powerful tool to investigate karyotype evolution across the entire squamate group and to help in the reconstruction of the ancestral karyotype of the clade. In addition to cross-species painting, WGA amplification products of V. komodoensis can be used for sequencing and subsequent genome anchoring to construct a high-resolution cytomolecular map, an extremely valuable tool for investigating the organization and evolution of the Komodo dragon genome. Among reptiles, preliminary cytogenetic maps are currently available for the Japanese four-striped snake Elaphe quadrivirgata [Srikulnath et al., 2009] and 6 species of lizards, including the central bearded dragon Pogona vitticeps [Young et al., 2013] , the water monitor lizard Varanus salvator macromaculatus , the savannah monitor lizard V. exanthematicus [Srikulnath et al., 2013] , the butterfly lizard Leiolepis reevesii [Srikulnath et al., 2009] , the sand lizard Lacerta agilis [Srikulnath et al., 2014] , and the Hokou gecko Gekko hokouensis [Srikulnath et al., 2015] . Among them, the P. vitticeps map has recently been improved by the work of Deakin et al. [2016] who anchored 42% of the genome sequences to chromosomes. Highquality chromosomal maps, however, are available only for 2 species, the green anole A. carolinensis [Alföldi et al., 2011] and the painted turtle Chrysemys picta [Badenhorst et al., 2015] , making it difficult to conduct detailed studies on the evolution of genomes and chromosomal rearrangements in reptiles. The production of a cytomolecular map for V. komodoensis will certainly add to the knowledge of squamate genome organization and assist comparative studies across vertebrates. Our work is important for this purpose as FISH assignment results are essential for accurate sequence assembly and mapping. Bioinformatic analyses can be carried out on the overlapping events revealed by FISH, and appropriate trimming can be performed according to paint hybridization results. Unassigned chromosome sequences can also be useful for investigating chromosome rearrangements among those vertebrates whose microchromosome sequences are known and anchored. Finally, besides vertebrate-scale studies, cytomolecular map data of the Komodo dragon will be extremely useful for accurate analysis of the Komodo dragon genome and intraspecific evolutionary history. modo dragons Varanus komodoensis in the Wae Wuul nature reserve, Flores, Indonesia: a multidisciplinary approach. Int Zoo Yb 49: 67-80 (2015) . 
